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1.0 ABSTRACT
Stress and resistivity in sputtered copper films on glass and
polyimide (Kapton H) substrates were studied as functions of deposition
rate and argon working gas pressure. For deposition rates from 1 A/sec to
5 A/sec, three regions were studied at different argon gas pressures : (1) a
compressive region at 2 mTorr, (2) a tensile region at 10 mTorr and (3) an
intermediate region at 3.5 mTorr with a deposition rate of 4.8 A/sec
corresponding to the transition from the tensile to the compressive region.
Our results and discussions suggest that the morphology and impurity
level are important factors in determining the resistivity and stress in the
film. We found that either an increase in the deposition rate or a decrease
in the working gas pressure result in a more continuous film with lower
resistivity (or higher conductivity). A crude stress generation model and an
impurity model were used to explain most of the resistivity and stress
behavior observed.
2.0 INTRODUCTION
Although sputter deposition of thin films has been well developed for
over a century, it is only recently that this method has become prominent
among the vacuum coating techniques (Maissel and Glang, 1983). The
applications of sputtered coatings are in the areas of electronic devices,
wear (or erosion) resistant films, engine blades, and decorative coatings.
In order to improve the applications of sputtered copper films in the
microelectronic packaging industry, it is important to understand which
parameters can be used to control the electrical (resistivity) and
mechanical (stress) thin film properties. Previous work in the RIT Thin
Films Lab has involved measurements of resistivity (p) and stress (o) in
copper films at different working oas pressure for a constant deposition
rate. The main purpose of this thesis is to investigate the dependence of
resistivity and stress on deposition rate for compressive and tensile copper
thin films.
The remainder of this introduction will define and discuss sources of
resistivity and stress in thin films and two intuitive models will be used to
explain how grain size and impurities influence these electrical and
mechanical properties.
2J. Resistivity in Thin Films
Definition of resistivity for bulk material- It is found by
experiment that an applied electric potential difference Vg^ ( a voltage
drop) across the length of a wire causes a steady current I in the wire such
that
Vab R * I (Ohm's law)
where the proportionality constant R, called the resistance, is a property of
a specific object. The quantity R depends on the dimensions of the object
and the resistivity of the material.
If we study how the resistance varies with length and cross-sectional
area of the wires, we find that R is directly proportional to the length and
inversely proportional to the cross-sectional area. We write this result in
the form
R= p
* L/A
where p is a proportionality constant which does not depend on the size of
the object but depends on the material used. Therefore, p is a material
property called the electrical resistivity.
We know that the resistivity in a metal arises from the scattering of
electrons due to crystal defects. We can group those defects into two
classes.
(1) Lattice vibrations of the ions around their equilibrium positions due
to thermal excitation of the ions. This corresponds the thermal resistivity
which results from electrons scattered by phonons.
(2) Static imperfections, this means electrons scattered by impurities,
grain boundaries, interstitials, vacancies and dislocations. This is known as
the residual resistivity.
Therefore, the total resistivity is composed of (1) thermal resistivity
and (2) residual resistivity.
P total " P thermal + P residual
For bulk copper at room temperature, the resistivity is 1 .7 uii-cm if it
is a perfect crystal structure and the total resistivity would be all due to
the thermal resistivity.
P total - P thermal - 1 -7 &iQ-cm)
If we consider crystal imperfections, then the total resistivity would
be larger than 1 .7 uX2-cm because the residual resistivity becomes
effective.
P total " Pthermal + Presidual > 17 ^n"cm>
Since our resistivity measurementwas carried out at room
temperature, this increase in total resistivity is primarily due to the
residual resistivity. Table 2-1 shows the approximate maximum
contribution to the residual resistivity by various type of defects.
Type Of defect Contribution. %
Impurities in equilibrium 81
Grain boundaries 18.2
Interstitials 0.5
Vacancies 0.24
Dislocations 0.06
Table 2-1 Approximate maximum contribution to the residual
resistivity by various types of defects (Maissel and Glang, Handbook
of Thin Films Technol., p18-5, 1983).
We consider the impurities in equilibrium as the "impurity level
effect"
and the grain boundaries, interstitials, vacancies and dislocations
as the "film morphology effect". From Table 2-1 we know that the impurity
level effect has a contribution to the film residual resistivity which is
about 4 times higher than the film morphology effect.
2.2 Stress in Thin Films
Nearly all films are found to be in a state of internal stress
regardless of how they are produced. The stress may be compressive or
tensile. Previous work in the RIT Thin Films Lab has focused on the two
stress states of compression and tension in copper films sputtered with a
dc planar magnetron onto a flexible polyimide substrate. Figure 2-1 shows
a schematic diagram of those two stress states. When the
copper-polyimide strip has a convex curvature (negative radius), the film
is trying to expand on the substrate and is in a state of compressive
stress. When the strip has a concave curvature (positive radius), the film
is trying to contract and is in a state of tensile stress.
The total internal stress is composed of (1) intrinsic stress and (2)
thermal stress.
atotal " athermal + intrinsic
If the thermal expansion coefficient of a film and its substrate are
not the same, heating or cooling will produce additional stress and its type
and magnitude depend on the difference between the thermal coefficients
of the film and substrate. Even after subtracting the thermal stress, many
films are found to have a stress which is known as the intrinsic stress.
This is due to the mismatch between the atomic structure of the substrate
and the natural atomic structure of the growing film.
Two Types of Stress in Thin Film
No Stress
Infinite Radius of Curvature
.<gm
t,!^!,:^:,!,!;!,:!:,!,!^!,}^!^!^!,!,},!^,!,^!}
E>H
Tensile Stress
Positive Radius of Curvature
Concave
Film : Trying to Contract
Compressive Stress
Negative Radius of Curvature
Convex
Film : Trying to Expand
Figure 2.1 Two Types ofStress inThin Films.
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For the copper-polyimide system, the maximum thermal stress is
generally less than 20 % of the maximum total stress for different
pressures, deposition rates, and target-to-substrate distances. The stress
we measure is primarily due to the intrinsic stress. For our films, thermal
stress are generally compressive; the magnitude of the maximum thermal
stress is estimated in Appendix B.
Z2. Film Morphologies on the TMD Diagram
Figure 2-2 shows the Zone classification to sputtered metallic
coatings which was proposed by Thornton, Movchan, and Demchishin
(Thornton 1974) . This diagram was based on experimental data and it
shows the effects of argon pressure and substrate temperature on the
morphology of the metallic coatings. Notice that the substrate temperature
variable is really the ratio of the substrate temperature to
the melting temperature of the bulk material. There are four different
morphology regions in the TMD diagram.
Zone 1 : well defined columnar structure
(one-dimensional crystals) with voids in between.
Zone T : dense array of poorly defined fibrous
grains.
Zone 2 : narrowing of void structure due to
increased surface mobility of adatoms.
Zone 3 : recrystallization of materials due to bulk
diffusion of adatoms within the film.
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TMD Diagram
(an emperica! morphology diagram for sputtered metallic coatings)
TRANSITION STRUCTURE
CONSISTING OF
DENSELY PACKED
FIBROUS GRAINS
COLUMNAR GRAINS
)ROUS STRUCTURE
INSISTING OF TAPERED
RYSTALUTES SEPARATED
f VOIDS
ffiHSlDTl
Comyi'tzz'loh RECRYSTALL1ZED
GRAIN STRUCTURE
ARGON
PRESSURE
(mTORR)
' LARGER GRAIN SIZE
SUBSTRATE
TEMPERATURE nVTMl
INCREASING ADATOM MOBILITY
Figure 2-2 Influence of substrate temperature and argon pressure (1 .0
mTorr-0.13 Pa ) on the microstructure of sputtered metallic coatings (
John. A. Thornton 1974 ).
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We also observe that the grain size on the TMD diagram becomes larger
at a higher substrate temperature for a fixed argon working gas pressure.
This is due to the higher adatom mobility during the film growth at a higher
substrate temperature and results in a film with structure closer to that of
bulk.
In our work, we used the deposition rate as an alternative parameter
for substrate temperature ratio. Like substrate temperature, higher
deposition rate increases adatom mobility during the film growth for a
constant argon working gas pressure. This is due to the power, voltage, and
heat of condensation effect which will be discussed in section 4.
in our deposition conditions, the argon working gas pressures were
chosen between 2.0 and 10 mTorr and the deposition rates were chosen
between 0.5 and 5 A/sec (Note : The pressures in this thesis are
uncorrectedgauge pressures. The true pressure is equal to 0.8 * gauage
pressure. Hence the quotedpressures of2.0, 3.5, and 10mTorr are actually
1.6, 2.8, and 8.0 mTorr). The substrate temperature at 0.5 A/sec is at least
the room temperature (293 K). The maximum substrate temperature (at 5
A/sec) is about 353K which was measured with an Omega temperature
label attatched to the back of the substrate during the deposition. Because
the melting temperature for copper is 1358 K, the Ts/Tm ratio is between
0.20 and 0.25 where Ts is the substrate temperature and Tm is the melting
temperature for copper.
0.20 < Ts/Tm < 0.25
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This is equivalent to the rectangular region on the TMD diagram which
is across the Zonel (tensile) and Zone2 (compressive) regions on the TMD
diagram (Fig. 2-2).
We can also qualitatively predict the resistivity trend in different
zones from the TMD diagram according to their morphologies. For a constant
working gas pressure, the film morphology is changing from a porous (Zone
1) structure to a continuous (Zone 3) structure as the substrate temperature
ratio (T/Tm) is increased from 0 to 1 . Therefore, the resistivity is
decreasing towards its bulk value as we go from Zone 1 to Zone 3 at a
constant working gas pressure.
2A Crude Stress Generation Model for Thin Films
We will try to explain how stress is generated in thin films in terms of
the interactions between two grains ( Fig. 2-3). Stage (1) : When grain A
and grain B are far apart, there is only a weak interatomic attracting force
between them. The film is almost flat.
Stage (2) : When the edge of grain A and grain B approach each other
(pre-coalescence due to the increased adatom mobility), the interatomic
attracting force becomes effective and tensile stress starts to increase, so
the film starts to curl up.
Stage (3) : When grain A and grain B coalescence to form a new grain
C, at the very first moment, the stretched new grain C is in a state of
maximum tensile stress and the distance between the atoms is r because
the atoms in grain C are trying to pull themselves together until their
spacing is
rwhich corresponds to a relaxed state.
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(1)
(2)
(3) + p
(4)
0>
(5)
dr*
d>r*
Cu film
4-
Polyimide
E
o
a
a
c >*
> S
a
o o
E
d-ro
c >
^
o o
? E
d<r
at
r*
: Maximum inter-atomic attracting force
at r : An equilibrium separation ( relaxed state ),
no stress in film.
Figure 2-3 Schematic diagram for crude
stress generttion model in thin films
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Stage (4) : If the atoms in grain C have sufficient adatom mobility,
they can rearrange themselves at a distance of r which is the equilibrium
(relaxed) state. The film becomes flat again. In otherwords, the stretched
grain C (Stage 3) has a tendency to approach the unstretched (equilibrium)
state if the atoms in grain C have sufficient adatom mobility.
Stage (5) : The compressive stress can occur if the atoms in a grain
become closely packed. Because the interatomic repelling force becomes
effective, the atoms would try to expand themselves to a distance of r (or
close to r). A compressive stress is observed. If the atoms have sufficient
adatom mobility, they can also rearrange themselves at a distance of r (the
equilibrium state). Therefore, Stage 5 also has a tendency to approach Stage
4 if there is sufficient adatom mobility.
We can summarize these stages with a simple graph of the interatomic
force as a function of interatomic distance (Fig. 2-4). Tensile stress starts
to increase as the pre-coalescence of grains occur until a peak stress is
reached (stage 1 to 3). The tensile stress in the film can be relaxed if there
is sufficient adatom mobility so they can rearrange themselves at a
distance of r (stage 4). If the atoms in the film become too closely packed,
the compressive stress can be observed because the atoms try to expand
themselves to a separation distance of r (or close to r).
Because the near linear behavior of Stages 3, 4 and 5 is similar to the
elastic behavior of a spring, we call those stages the elastic region.
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Increasing adatom mobility |
I
Increasing adatom mob
-?d
Interatomic distance
Figure 2-4 fl Plot for crude stress generation model in thin films
based on Fig. 2-3.
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2*5. Impurity Level Effect on Film Stress
We try to illustrate the impurity level effect on a film with tensile
stress and compressive stress. The impurities we discuss here are mainly
argon working gas impurities. Work by Maissel has shown that the
incorporation of the sputtering gas into the growing film will lead to local
regions of intrinsic compressive stress (L.I. Maissel and R. Glang, Handbook
of Thin Film Technol. p12-36, 1983). For a tensile film, this may be
understood by the fact that as the argon atoms become entrapped in the
film, they act as obstacles to grain growth, thus decreasing the generation
of tensile stress in the film as shown in the enhanced impurity case (Fig.
2-5a). In other words, more impurities make a film more compressive while
fewer impurities leave a film more tensile (Fig. 2-5b).
We can also apply the same idea (grain growth blocked by impurities) to
consider the impurity level effect on a film with compressive stress.
Figures 2-6a and 2-6b show two closely packed grains trying to merge to a
new grain due to the interatomic repelling force in each grain. If there are
more impurities between those two closely packed grains during the grain
growth, the grain growth will be diminished because the impurities prevent
these two grains from merging with each other. Therefore, the outward
expanding force will be larger than the inward contracting force. More
compressive stress is observed as shown in Fig. 2-6a.
If there are fewer impurities between the two closely packed grains,
there is more grain growth because of the greater interatomic attracting
force between the two grains during the grain growth. A less compressive
stress is expected (Fig. 2-6b).
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^
Less grain growth due tomore Impurities
(a) More impurities
Q Cuatom
A Aratom
(More tensile)
More grain growth due to fewer impurities
(b) Fewer impurities (Less tensile)
Figure 2-5 Impurity level effect on a tensile film with (a) more
impurities and (b) fewer impurities in the film. ( K. H. Muller1987).
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Cu atoms
Ar impurities
T
Less interatomic attracting force
due to more impurities.
Less grain growth
More outward expanding force (F)
More compressive stress
(a) More impurities
# $ A^ # $ $ f
I** ^ r s# $ ^
More interatomic attractingforce
due to less impuritiesn i
More grain growth
Less outward exoandina force (i)
due to more interatomic attracting force
I
Less compressive stress
(b) Fewer impurities
Figure 2-6 Impurity level effect on a compressive
film with (a) more impurities and (b) fewer impurities
in the film.
17
The argon impurity level effect on a tensile and compressive films is
summarized in Table 2-2.
Tensile ComDressive
More impurities Less More
Less impurities More Less
Table 2-2 Impurity level effect on stress for both tensile and
compressive film.
2.6 Basic Idea of Film Growth at Different Working Gas Pressures
Film morphology can be dramatically affected by the working gas
pressure which influences the incident angles and kinetic energies of both
the reflected argon and sputtered copper atoms which bombard the
substrate. The different mechanisms of film growth for a lower working gas
pressure and higher working gas pressure are discussed below.
Atomic peening effect. At a lower working gas pressure, the argon
and copper atoms more easily reach the substrate due to fewer collisions
within the plasma. Thus, they can retain more kinetic energy and bombard
the substrate at nearly normal incident angles as shown in Fig. 2-7a. This is
known as the atomic peening effect.
More energetic bombardment can increase the surface adatom mobility
because there is more momentum and energy transfer between the incident
particles and the growing film surface. The impurity level also increases
due to the peening effect of the reflected argon atoms. A tightly packed
compressive film results.
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Basic Idea of Film Growth
Low Pressure
Less
Collision III!
I Higher Energies
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III]
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ggmsflgm
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r i
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poor (Conductivity
Reflectivity
^Adehesion
Film Trying to Contract
Figure 2-7 Basic idea of film growth at (a) low and (b) high working gas
pressures.
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Atomic shadowing effect. At a higher working gas pressure, the
argon and copper atoms bombard the substrate with less kinetic energy and
at more oblique angles because of more collisions in the plasma. This
reduces the adatom mobility during the film growth. This is known as the
atomic shadowing effect because the
"hills"
on the growing surface receive
most of the coating flux atoms and the "valleys", while shadowed by the
"hills", receive little flux (Fig. 2-7b). This effect causes preferential
columnar growth and result in a porous film structure with poor continuity.
From the above discussion we know that the film morphology becomes
more continuous and cohesive as the atomic peening effect begins to
dominate the film growth.
20
3.0 EXPERIMENT
3J. Experimental Apparatus
The 50 liter sputtering chamber was evacuated with a liquid-nitrogen
trapped diffusion pump and a rotary pump. An Inficon quartz-crystal rate
deposition monitor (RDM) is suspended on the chamber lid between the
target and substrate holder.
A dc planar magnetron (U.S-Gun Inc.) was used to sputter deposit
films. Figure 3-1 shows that the argon working gas atoms are ionized by
the magnetically confined electrons in front of the copper target.
Therefore, Ar+ ions can be accelerated towards the negatively biased
target and remove (sputter) the substrate material (copper). The copper
targets (2 in. diameter by 3/16 in. thick) were 99.9% pure.
The substrates were a 6.4 * 8.8 cm sheet of 1 mil (25 micrometer)
thick flexible polyimide (Kapton, type H, manufactured by Dupont) and a 22
mm square micro cover glass (V.W.R. Science Inc.). The Kapton was for
resistivity and stress measurements and the glass was for resistivity and
SEM measurements. Two different substrate holders were used. One was a
rotating substrate holder which was located directly in front of the target
at a distance of 20 cm. A fixed substrate holder was used for deposition as
a function of T/S distance. The substrate holder was electrically grounded
in all experiments. Figures 3-2 and 3-3 are schematic diagrams of the
rotating and fixed substrate holders in the sputtering chamber.
21
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Figure 3-1 Planar magnetron sputtering with a D.C. source ( U.S-Gun
Inc.).
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Figure 3-2 Schematic diagram for the rotatable substrate holder ( top
view of the sputtering chamber ).
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Figure 3-3 Schematic diagram for the fixed substrate holder ( top view
of the sputtering chamber ).
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Figure 3-4 A side view of the substrate holder.
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3i2 Experimental Procedures
The Kapton sheet and glass slide were first degreased by spraying
with acetone and then wiping dry with Kleenwipes. Methanol was then
sprayed on the substrate to remove moisture and the samples were wiped
dry with Kleenwipes.
The Kapton and glass were constrained by two horizontal metal straps on
the substrate holder (Fig. 3-4). After the substrates were mounted, the
chamber was pumped down to a base pressure range from 8*1 0"6 to
2*1 0"5 Torr. Research-grade argon (99.997% pure) was introduced through
a Mathis GP-100 inert gas purifier and a Tylan mass flow controller at
rates between 15 and 20 standard cm^/min (seem). After the plasma
ignited, the target was presputtered for 2 minutes with the shutter closed.
Finally, sputter deposition was performed at working gas pressures
between 2.0 and 10 mTorr and at deposition rates between 0.5 and 6
A/sec. The thickness of the film was kept at2.5 KA and it had a thickness
uncertainty of 10%.
3.3 System Calibrations
A Sloan Dek-Tek surface profilometerwas used to calibrate the RDM
with copper film sputtered at 2 A/sec and a thickness of 8 KA on a masked
glass slide as shown in Fig. 3-5.
Our results show that the tooling factor, a ratio of the actual film
thickness (which would be measured by thesuface profilometer) to the
film nominal thickness obtained from the R.D.M, is 1 as the T/S distance
equals to 7.6 in. (19.3 cm). At different T/S distance of 5.5 in. (14 cm),
6.25 in. (16.8 cm), and 8.5 in. (21.6 cm), the tooling factor is 2.2, 1.6, and
24
Metal
Straps
3*1 inch
Micro
Slide
Mask
Figure 3-5 Schematic diagram of a masked substrate for thickness
calibration.
i 1 1 ' r
5 6 7 8 9 10
DISTANCE BETWEEN MAGNETRON AND SUBSTRATE HOLDER (INCH)
Figure 3-6 Calibration curve for tooling factors at different T/S
distances.
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0.73, respectively (Fig. 3-6). The tooling factor is approximately inversely
proportional to the square of the T/S distance although the target is not a
point source.
3.4 Radius of Curvature for Stress Measurement
We let the coated substrate cool down for half an hour in the chamber
after the run and then released it from the substrate holder. The Kapton
sheet curled up because of the stress in the film. We measured the radius
of curvature of the Kapton sheet with a caliper and then applied Stoney's
formula to estimate the internal stress of the film.
Es * ts2
o = (Stoney's formula)
6 * R * tf
In the above expression, a is the stress (GPa), Es is the Young's
modulus of polyimide (3 GPa), ts is the substrate thickness (2.54*1
0"3
cm), tf is the film thickness (2.5*1 0'5 cm), and R is the radius of
curvature of the film (cm). The estimated uncertainty for quoted stress
measurements is 15%.
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We use the following sign convention : The stress is tensile for
positive radius of curvature and compressive for negative radius of
curvature as shown in Fig. 2-1 .
3i5_ In-line Four Point Probe for Resistivity Measurement
An In-line four point probe was applied to measure the film
resistivity (Fig.3-7). The value of resistivitywas calculated with the
following expression.
p = 4.532
* V * tf / 1
where p is the resistivity (iift-cm), V is the voltage (mV), I is the
current (mA), and tf is the film thickness.
Figure 3-7 An in-line four point probe for
resistivity measurement
27
The four-point probe was lowered until it had a good electrical
contact with the film. We then read the voltage and current from the
voltmeter and ammeter. Three sets of V/I readings were taken around the
center region (to avoid the edge effect, Appendix C) of the film and
substituted into the above equation to get an average resistivity value.
The estimated uncertainty in quoted values of resistivity is 15%.
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4.0 EXPERIMENTAL RESULTS AND DISCUSSIONS
4.1 Resistivity vs. Deposition rate fat 2.0. 3.5. 10 mTorr on
glass)
Early work in the RIT Thin Films Lab has shown that the film
resistivity increases with increased working gas pressure (Fig.4-1). This
is due to the porous and network-like film structure which is produced by
the atomic shadowing effect at a higher working gas pressure. We were
interested in comparing how the deposition rate affects resistivity for the
compressive and tensile film. We chose the working gas pressure to be 2.0,
10 and 3.5 mTorr for deposition rates between 2 and 5 A/sec; these
pressures respectively correspond to the Zone T (compressive) region, Zone
1 (tensile) region, and an intermediate region of the TMD diagram.
Figure 4-2 shows the dependence of resistivity on deposition rate for
copper films on glass at 2.0, 3.5 and 10 mTorr working gas pressures.
Generally speaking, the resistivities are higher at 10 mTorr than at 3.5 and
2.0 mTorr due to more porous and discontinuous structures in the film. The
shadowing effect dominates the film growth at 10 mTorr and 2 A/sec; thus
we see the formation of pronounced columnar structures as shown in Fig.
4-3. There is some atomic peening during the film growth at 3.5 mTorr and
2 A/sec because of the fewer collisions of the copper atoms in the argon. A
fibrous structure in the film is thus result as shown in Fig. 4-4. Some
atomic shadowing is countered by peening at 1 0 mTorr if the deposition
rate is increased from 2 A/sec to 4 A/sec; the columnar structures are
less pronounced because of more adatom mobility during film growth. This
is shown in Fig. 4-5 for a film sputtered at 10 mTorr working gas pressure
and a deposition rate of 4 A/sec. We see clearly that there is improved
29
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continuity between individual columnar structures because of the improved
adatom mobility.
From the SEM pictures, we can explain the difference in resistivity in
terms of film morphology and adatom mobility (see Table 4-1 for a
summary of the three previously mentioned film SEM's). As discussed
before, a discontinuous film has a higher resistivity. Figure 4-3 obviously
has the most discontinuous structure of the three cases. This film has the
highest resistivity (31.3 uli-cm) among the three because of the voids
between the individual columnar structures (poor lateral continuity).
The fibrous structure in Fig. 4-4 has a more continuous film structure
than Fig. 4-5 because we can still identify the columnar structures in Fig.
4-5. Therefore, the film structure in Fig. 4-4 has a lower resistivity value
of 8.0 Lin-cm than the film in Fig. 4-5 (12.2 LLQ-cm).
Figure Resistivity
( uI2-cm )
Pressure
( mTorr )
Deposition rate
( A/sec )
Morphology adatom
mobility
4-3 31.3 10 2
Separated
columnar
structure
low
4-4 8.0 3.5 2
Closely
packed
fibrous
structure
high
I
4-5 12.2 10 4
Merging
columnar
structure
Intermediate
Table 4-1 A summary of film SEM's (copper films
on glass) and
resistivities. Films thicknesses were about 8.0 KA.
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A second observation which comes from Fig. 4-2 is that the rate of
decrease in resistivity with deposition rate at 10 mTorr is much steeper
than the corresponding rate at 3.5 mTorr and 2.0 mTorr. This gives us some
idea about the effect of increasing deposition rate on a porous film versus
the effect on a more closely packed film.
The steeper decrease in resistivity with deposition rate for the 10
mTorr film indicates that for a given increase in deposition rate, there is a
greater relative improvement in conductivity for a film with a porous,
open structure than for a film with a closely-packed structure.The
increased flux of energy on the substrate (more neutral particles from a
higher deposition rate) is more effectively absorbed by the film, thus
improving film continuity. This is because the incident energetic particles
are more penetrating for a porous structure than for one that is already
closely packed.
Finally, we observe that the resistivity also decrease with increasing
deposition rate at different working gas pressures (either compressive,
intermediate, or tensile). Because there is a similar relationship between
resistivity and deposition rate for copper films on polyimide. We will
discuss this in the next section.
From the above discussions, we can conclude that for copper films on
glass, either a decrease in the working gas pressure at a constant
deposition rate, or an increase in the deposition rate at a fixed working
gas pressure can lead to a film with better structural continuity and lower
resistivity.
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4.2 Resistivity vs. Deposition ratef at 2.0 mTorr on polvimide )
The microstructures and properties ( such as film resistivity and
stress ) of thin films can be changed by different deposition parameters
such as argon working gas pressure, deposition rate, cathode voltage,
power to the magnetron, and distance between target and substrate. In the
previous work of the RIT Thin Films Lab, the stress and resistivity as
functions of working gas pressure at a fixed deposition rate were studied.
Our work has focused on film resistivity and stress as functions of
deposition rate at some fixed working gas pressures.
Figure 4-6 shows the resistivity of copper films on polyimide as a
function of deposition rate in the range of 1 A/sec to 5 A/sec at a constant
pressure of 2.0 mTorr and a residual gas pressure of about 6.5*1 0"6 Torr.
The resistivity starts from a value of 8.67 u.Q-cm which is about 5 times
the value of bulk resistivity at 1A/sec and then decreases with increasing
deposition rate. The resistivity at 5 A/sec is 3.26 ^lQ-citi which is about 2
times the bulk value. Similar results have been obtained for molybdenum
sputtered with a cylindrical-post magnetron; these are shown in Fig. 4-7a
(D.W. Hoffman and C. Peters 1983).
The monotonic decrease in resistivity with respect to increasing
deposition rate may be explained by the fact that increasing the deposition
rate raises adatom mobility during film growth. The surface adatoms have
more energy with which to find better (lower potential energy) nucleation
sites; this leads to a more cohesive film with better structural continuity
and, hence, lower film resistivity. Some arguments why a higher deposition
rate leads to a greater adatom mobility are listed below.
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(a)
RESISTIVITY
(/ineni) 50
(b)
FILM
STRESS
(GPa)
--{BULK Mo}
0.1 1.0
DEPOSITION RATE AT 0.11 m RADIUS (nm/t)
Figure 4-7 (a) Electrical resistivities and (b) internal stress ( A,
parallel to cathode axis;o, prependicular to cathode axis) vs. deposition
rate in Mo films sputtered from a cylindrical post magnetron cathode
utilizing an internal rotating spiral magnet and operated in argon gas at
0.74 Pa. pressure with the substrate located at a radius of 0.1 1 meters. [
D. W. Hoffman and C. Peters 1983]
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Voltage effect. Figure 4-8 shows that negative bias voltage to the
target increases with deposition rate. At a higher deposition rate, the
argon ions strike the target with a higher kinetic energy. Therefore,
sputtered copper atoms and reflected argon neutrals have higher kinetic
energy as they go from the target to the substrate. The higher
bombardment energy produces a greater mobility of adatoms on the
substrate surface (Fig. 4-9).
Similar results have been obtained for tantalum. Films deposited at
low cathode voltages had high resistivity and an open, network-like
structure as well as a very low density, whereas films deposited at high
cathode voltages had properties close to that of the bulk (Schuetze,
Ehlbeck, and Doerbeck, 1963).
Heat of condensation effect. Since there are more copper atoms
being sputtered at a higher deposition rate (about 3.5 eV of energy are
released when a copper adatom condenses on surface), more heat of
condensation per unit time is released as the atoms condense on the
surface. Thus results in a higher surface temperature and, hence, greater
adatom mobility.
Power effect. Figure 4-10 shows the power to the magnetron as a
function of deposition rate. A nearly perfect linear relationship between
the power and deposition rate can be found. We already know that the
radiation from the target and plasma is in the I.R. and U.V. regions,
respectively (John A. Thornton, 1977). The absorption of this increased
radiation by the film surface brings up the surface temperature and adatom
mobility.
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More energy and momentum transfer
between the bombarding neutrals and
the growing film ( more adatom mobility
during the film growth ). More energetic
reflected neutrals
Ar ions
More kinetic
energy
growing film
Substrate holder (a) High T/S voltage
Less energy and momentum transfer
between the bombarding neutrals and
the growing film ( less adatom mobility
during the film growth ).
growing film
Substrate holder
Less energetic
reflected neutrals
Ar ions
Less kinetic
energy
(b) Low T/S voltage
Figure 4-9 T/S voltage effect on adatom mobility
during the film growth.
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4.3 Compressive stress vs. Deposition rate fat 2.0 mTorr on
polvimidel
Early investigations on the internal stress for copper films deposited
on polyimide as a function of deposition rate at a working gas pressure of
3.5 mTorr were carried out in the RIT Thin Films Lab. Figure 4-1 1 shows
that the internal stress of the film can be driven from the tensile region
into the compressive region by increasing the deposition rate from 1A/sec
to 6 A/sec (S. Hong, 1988). We did similar measurements at a lower
working gas pressure of 2.0 mTorr and at deposition rates from 1 A/sec to
5 A/sec.
Figure 4-1 2 shows that film stresses are all compressive for these
conditions because we are working in the Zone T region of the TMD diagram.
The stress decreases smoothly from 1 A/sec to 5 A/sec. The stress is
about 0.089 GPa at a deposition rate of 1 A/sec; this is almost 2.3 times
the stress of 0.039 GPa for a film deposited at 5 A/sec.
The smooth decrease in compressive stress with respect to
deposition rate may be explained by the argument that at a higher
deposition rate, from our earlier discussion (section 4.1), there is a higher
adatom mobility at a higher deposition rate; this can lead to a film with
larger grain sizes and a less closely packed structure. The reasons why
such a film has less compressive stress are discussed below.
As mentioned earlier, grain growth is enhanced at a higher deposition
rate; this leads to a film with larger grain sizes. When smaller grains
coalesce into larger grains, the film becomes more tensile and, hence, less
compressive. They are described in the literature:
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" Grain growth generally leads to stress relaxation when the film is
under a compressive stress. This can be explained by the generation of
tensile stress due to normal boundary migration".
( P. Chaudhari, Grain growth and stress relief in thin films, J. Vac. Sci.
Technol., Vol. 9, 1971).
" Tensile stress increases when a porous atomic network containing
voids transforms into a more compact atomic network of smaller,
closed voids".
( Karl-Heinz Muller, Stress and microstructure of sputter-deposited
thin films: Molecular dynamics investigations, J. Appl. Phys. 62(5),
1987).
Thus, a film with less compressive stress occurs at a higher
deposition rate because some of the compressive stress is diminished by
the generation of tensile stress.
We can also explain this phenomenon by the improved adatom mobility
at a higher deposition rate. Figure 4-13 shows the different film growth
mechanisms at different deposition rates. We know that there is an
improved adatom mobility during the film growth at higher deposition
rates (section 4.1). Therefore, atoms can migrate on the substrate and
rearrange themselves as a less closely packed structure (a more relaxed
state). There is less compressive stress in the film (Fig. 4-1 3a). At a
lower deposition rate, atoms become more closely packed due to the lower
adatom mobility during film growth. Therefore, a film with more
compressive stress is observed (Fig. 4-1 3b).
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(a) Higher deposition rate (b) Lower deposition rate
llllll
More adatom mobility
r < r
Less closely packed structure
(less expansion force) with
larger grain size.
I
M M M
More peening
Less adatom mobility
I
r r
More closely packed structure
(more expansion force) with
smaller grain size.
1
Less compressive stress More compressive stress
Figure 4-13 Mechanism of film growth at (a)
higher deposition rates and (b) lower deposition rates.
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Figure 4-14 is a plot of the resistivity vs. compressive stress for
copper film deposited on polyimide at 2.0 mTorr. Both the resistivity and
compressive stress increase together while the deposition rate decreases.
This suggests a possible dependence of resistivity on compressive stress.
A similar relationship between the resistivity and stress (both increase or
decrease together) in the compressive region has also been observed when
the target-to-substrate distance is varied. This will be discussed in
section 4.6.
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&& Resistivity and Tensile stress vs. Deposition rate fat 10
mTorr on polyimide)
We have already discussed the relationship for resistivity and stress
as a function of deposition rate in the 2.0 mTorr compressive region
(section 4.3); we found that both resistivity and stress decrease as
deposition rate goes up. Now we are interested in the relationship of
resistivity, stress, and deposition rate in the Zone 1 tensile region
(instead of in the Zone T compressive region) on the TMD diagram.
Resistivity. The decrease of resistivity with increased deposition
rate at 10 mTorr for copper films deposited on glass has already been
shown in Fig. 4-2. The resistivity and stress measurement were also
carried out for copper films deposited on polyimide at 10 mTorr. Figure
4-1 5a shows the resistivity decreases from about 22.7 i^Q-cm to 6.0
LLQ-cm as the deposition rate is going up from 2 to 4 A/sec. This result is
similar to that obtained for copper films deposited on glass (Fig. 4-2) and
polyimide (Fig.4-6) in the compressive region. We attribute this decrease
in resistivity with deposition rate to the power, voltage, and heat of
condensation effects which have already been discussed in section 4.2.
Stress. Figure 4-1 5b shows that the tensile stress starts from a
value of 2.8 GPa at 2 A/sec and rises to 10.4 GPa at 3 A/sec, then
decreases to 5.9 GPa at 4 A/sec. This phenomenon does not follow the
relationship between the stress and deposition rate as observed in the 2
mTorr compressive region. We can explain this phenomenon based on the
film morphology (or adatom mobility) effect.
51
(a)
~ 20
u
S IS-
5 104
ft
2 5
(b)
Resistivity vs. Deposition rate
-Bulk Cu
Deposition rate ( A/S)
Figure 4-15 (a) Electrical resistivities and (b) Tensile stress, as a
function of deposition rate for copper films deposited on polyimide at a
constant argon gas pressure of 10 mTorr and deposition rates from 2 to 4
A/sec.
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From 2 to 3 A/sec, the film morphology is changing from a columnar
structure to a structure with better continuity due to the increased
adatom mobility. Tensile stress is increasing over this deposition rate
interval because the individual columnar structures are just begining to
merge and close the void spaces between themselves. This corresponds to
the region m (as the arrow indicates) in Fig. 4-16. Interatomic distances
becomes smaller due to increased adatom mobility. Tensile stress is
increased until reaches the maximum tensile stress F*.
With further increase of the deposition rate from 3 to 4 A/sec, the
tensile stress starts to decrease because the atoms in the stretched grain
(see Fig. 2-3, stage 3) have more adatom mobility to pull themselves
together towards the equilibrium interatomic distance of r (Fig. 2-3,
stage 4), therefore, tensile stress decreases. This corresponds to the
region n in Fig. 4-16 (as the arrow shows).
A similar stress curve in the tensile region has also been observed by
D.W. Hoffman and C. Peters for molybdenum films sputtered from a
cylindrical post magnetron (Fig. 4-7b).
The correlated behavior of resistivity and stress for copper films on
polyimide at 10 mTorr (tensile region) is shown in Fig. 4-17. We can see
that they do not follow the same relationship as in the 2.0 mTorr
compressive region (Fig.4-14). This is due to the more complicated
relationship between the stress and deposition rate in the tensile region.
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From 2 to 3 A/sec
? d
Interatomic distance
F*
: Maximum tensile stress
Figure 4-16 Crude stress generation model in thin films
based on Fig. 2-3.
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**"a
4 A/sec
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Stress ( * 0.01 GPa )
10 12
Figure 4-17 Resistivity as a function of tensile stress for
copper films deposited on polyimide at a constant argon gas
pressure of 10 mTorr.
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4.5 Tensile stress vs. Deposition rate ( at 3-5 and 10 mTorr on
polyimide )
We have already discussed the resistivity as a function of deposition
rate at different working gas pressures. What is the relationship between
stress and deposition rate at different working gas pressures? Figure 4-18
shows the stress as a function of deposition rate from 1 to 4 A/sec at
working gas pressures of 3.5 and 10 mTorr. Two interesting phenomena are
observed: (1) the peak stress for the 3.5 mTorr data occurs at a lower
deposition rate value (about 2 A/sec) than the peak stress for the 1 0
mTorr data (about 3 A/sec); (2) The average stress is higher for 3.5 mTorr
data than that for the 1 0 mTorr data. We will try to explain those
observations in terms of film morphology.
4.5.1 Explanation of why peak tensile stress occurs at a
lower deposition rate for a lower working gas pressure.
We know that the tensile stress is produced by the coalescence of
grains and that a more continuous film with less grain-boundary area can
be obtained at a lower working gas pressure; also, adatom mobility is
increased with a higher deposition rate. Generally speaking, a less porous
film structure can be obtained at 3.5 mTorr than at 10 mTorr. The grains of
a less porous structure (at 3.5 mTorr) require less adatom mobility to
approach coalescence; therefore, a small increase in deposition rate can
make such a film reach peak stress before a more porous (10 mTorr) film.
Figure 4-1 9 is a diagram based on our crude stress generation model
in Fig. 2-4. We can see that a less porous structure (at a lower working gas
pressure) which is shown by the dashed line in Fig. 4-19, requires less
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\ ls porous (Low pressure)-
r less adatommobility to reach
r*
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-?d
Interatomic distance
F*
: Maximum tensile stress
Figure 4-19 Crude stress generation model in thin films
based on Fig. 2-3.
58
adatom mobility to reach the maximum tensile stress F (at an
interatomic distance of r*). But a more porous structure (at a higher
working gas pressure) which is shown by the dotted line in Fig. 4-19,
requires more adatom mobility to reach the maximum tensile stress F .
This is why the peak stress occurs at a higher deposition rate for a higher
working gas pressure.
4.5.2 Explanation ofwhy the average tensile stress is
larger at a lower working gas pressure (3.5 mTorr) than at a
higher working gas pressure (10 mTorr).
We can explain this phenomena by referring to Fig. 4-19 again. Figures
4-3 and 4-4 have shown that the shadowing effect becomes more effective
and dominates the film growth more at a higher working gas pressure (10
mTorr) than at a lower working gas pressure (3.5 mTorr). At a higher
pressure, the individual columnar structures become separate and the
interatomic attracting forces become weaker. In other words, if we
decrease the working gas pressure, we are driving a film from a more
porous structure to a less porous structure. In Fig. 4-19, the more porous
structure corresponds to the dotted part of curve at lower force values and
the less porous structure corresponds to the dashed part at higher force
values.
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We can also partially explain this phenomenon by considering the
impurity level in the film. There are more inpurities during deposition at a
higher (more argon in chamber) working gas pressure (10 mTorr) and the
voids between the columnar structures are good places to entrap
impurities. Thus the impurity level for such a porous film is higher
compared to a more cohesive film. Refering to Table 2-2, we know that
there is more tensile stress if there are less impurities in a tensile film.
This is why the tensile stress curve is lower at the higher working gas
pressure (10 mTorr) than at the lower working gas pressure (3.5 mTorr).
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4.6 Resistivity and Compressive stress vs. T/S distance at
Constant Power
Resistivity. We know that more particle bombardment and more
radiation from the target to the film surface increase adatom mobility
during film growth. Therefore, it can be argued that a film made under the
above conditions should have a more continuous structure and thus have a
lower resistivity. However, we get an unexpected result when we measure
the resistivity for a film deposited at different target-to-substrate (T/S)
distances at a constant power of 126 Watts to the magnetron.
Figure 4-20 shows the resistivity increases as the T/S distance
decreases from 21 .6 to 14.0 cm. The resistivity value (9.6 Lift-cm) at a T/S
distance of 14 cm is about 1 .6 times the resistivity value (6.0 LiQ-cm) at
a T/S distance of 21 .6 cm. These results may be explained by the impurity
level in the film.
We recall that the contribution to the bulk film resistivity for
impurities is about 4 times as high as the contribution from film
morphology (i.e. the dislocations, grain-boundaries, vacancies and
interstitials). Since our working gas pressure was chosen as 2.0 mTorr and
the highest substrate temperature during deposition is about 70 C, the
film morphology falls into the Zone T region of the TMD diagram.
The increase in resistivity as the T/S distance decreases may be
attributed to the argon impurity level in the film because the film
intercepts more fast reflected argon neutrals from the target so they can
penetrate into the film deeper and become buried as shown in Fig. 4-21 . A
similar result has been obtained for the triode sputtering of tungsten as
shown in Fig. 4-22 (W. Lee and D. Oblas, 1970). We can see that as the T/S
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Substrate
I Ar atoms
1 Less peening
Less Ar impurities in
the growing film
(-500V)
Cu target
Plasma
(a) Larger T/S distance
More energetic reflected neutrals intercepted
i
(-500V)
More peening Cu target
More Ar impurities in
the growing film
Plasma
(b) Smaller T/S distance
Figure 4-21 Ar impurity level in thin films deposited
at a (a) smaller and (b) larger T/S distances.
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4, (ImMi)
Figure 4-22 Argon concentration vs. T/S distances in tungsten films for
the triode mode (W.W. Lee and D. Oblas 1970).
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distance decreases from 7 to 3 inches, the argon content becomes 250
times higher. Hence the argon content can become a dominating factor in
determining film properties. Therefore, we believe that the greater
incorporation of impurity gas into the film at a close T/S distance may
lead to a higher resistivity of the film even though a film with a more
closely-packed morphology is formed.
Stress. As discussed in this section, the adatom mobility and grain
coalescence should improve with decreasing T/S distance due to an
enhanced peening effect and increased radiation from the target. Since
coalescence in a compressive film generates some local tensile stresses,
we expect that overall compressive stress should be reduced with
decreasing T/S distance. However, an increase in compressive stress is
observed as the substrate holder becomes closer to the magnetron. We,
again, attribute this phenomenon to the impurity level in the film.
Figure 4-23 shows the stress in the film as a function of T/S
distance. The stress is about 0.2 GPa at a T/S distance of 14.0 cm which is
about 2.5 times higher than the stress (0.08 GPa) at a T/S distance of 21 .6
cm. As discussed earlier, the incorporation of impurities into a film tends
to decrease the tensile stress produced during the grain growth. Since a
higher impurity level is obtained at a shorter T/S distance, grain growth
will be blocked by impurities and a film with more compressive stress
will result (Fig. 2-6). Therefore, the increase in overall compressive
stress for a film deposited closer to the target may be primarily due to the
higher level of impurity gas trapped in film.
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Finally, we consider the correlated behavior of resistivity and
stress. Figure 4-24 shows that resistivity and stress for copper films on
polyimide have a positive correlation (both increase together) as a
function of T/S distance. This relationship has already been confirmed for
resistivity and stress when deposition rate is varied (section 4.3) instead
of T/S distance. This correlation of stress and resistivity seems to be
generally true for compressive films.
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4.7 Resistivity vs. Stress ( at 2 and 10 mTorr on oolvimide )
Finally, we compare the correlated behavior of resistivity and stress
for the compressive and tensile regions.
Figures 4-25a and 4-25b show the resistivity as a function of stress
for the compressive region (2.0 mTorr) for different deposition rates and
different T/S distances, respectively. Figure 4-25c shows the resisivity
versus stress for the tensile region (10 mTorr) at different deposition
rates. In general, the resistivity increases with stress for the compressive
region (or at least for our working conditions) while the behavior of
resistivity and stress are more complicated for the tensile region.
We have already discussed how deposition rate and T/S distance
affect incorporation of impurities and grain size in the film. The effects
(according to our crude model) of impurities and grain size on stress and
resistivity are summarized in Table 4-2. These effects are consistent with
Figures 4-25a and 4-25b which show that resistivity and compressive
stress are always increasing or decreasing together no matter which of
the two effects dominates.
Impurities f(J,)
Grain size (structural
continuity) t(l)
Compressive stress
T U)
t U)
Resistivity
t U)
t U)
Table 4-2 Summary: Effects of impurities and grain size
on stress and resistivity for compressive films.
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Figure 4-25 (a) and (b) resistivity versus compressive stress for copper
films deposited on polyimide at different deposition rates and T/S
distances; (c) resistivity versus tensile stress at different deposition
rates.
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In the tensile region, the relationship between resistivity and stress
becomes more complicated as shown in Fig. 4-25c. This is because of the
stress is primarily determined by the interatomic distance which depends
on adatom mobility (see Fig. 2-4). This phenomenon has already been
explained by the crude stress generation model in section 4.4.
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5.0 CONCLUSION
Early work in the RIT Thin Films Lab has produced measurements of
resistivity and stress as a function of working gas pressure for a fixed
deposition rate (Entenberg, Lindberg, et al, 1987). These measurements were
for both the compressive and tensile regions. Laterwork has investigated
the stress and morphology as a function of deposition rate for a fixed
working gas pressure in the intermediate region between tension and
compression (S. Hong, 1988). The purpose of this thesis has been to
investigate both the resistivity and stress as functions of deposition rate
for fixed working gas pressures for both the copper-glass and
copper-polyimide systems. The phenomena we have observed in the
compressive, intermediate, and tensile regions are summarized as follows.
For compressive films (2.0 mTorr), a positive correlation is observed
between resistivity and stress. In the copper-polyimide system, the
resistivity and stress both increase or decrease together as either the
deposition rate parameter is varied (we also found that an alternative way
of obtaining this correlation is to vary target-to-substrate distance instead
of deposition rate).
In the tensile region (10 mTorr), resistivity decreases with increased
deposition rate for both the copper-polyimide and copper-glass system.
However, the stress first increases and then decreases with increased
deposition rate; the peak stress also appears at a lower deposition rate for
a lower fixed working gas pressure.
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In the intermediate region (3.5 mTorr), the resistivity also decreases
with increasing deposition rate for copper-glass system (the results for the
copper-polyimide system should be similar). The stress can be driven from
tension to compression at a deposition rate above 4.8 A/sec (S. Hong, 1988).
For the compressive, tensile, and intermediate regions, we have been
able to explain most of stress and resistivity behavior in terms of a
grain-size arguments, impurities, and a crude model of how the interatomic
force depends on adatom mobility. In general, either lowering the working
gas pressure at a constant deposition rate, or increasing the deposition rate
at a constant working gas pressure can improve the adatom mobility and
produce a more continuous film with lower resistivity (or higher
conductivity) for the compressive, intermediate, and tensile regions.
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APPENDIX A
Data Table*
Table 1. Resistivity and stress vs. Deposition rate
D.R ( A/sec ) P (p) ( ul-cm ) P (q) ( ufl-cm ) r ( cm ) 0- (GPa) c/r V ( Volts ) P ( Watts )
1 9.1 10.5 1.5 0.086 c 412 60
1 8.23 9.22 1.4 0.092 c 410 61
2 7.31 8.75 1.8 0.072 c 466 128
2 7.64 9.1 1.7 0.076 c 452 129
2.2 5.42 6.84 c 513 126
2.2 4.45 6.05 c 507 126
3 4.23 5.35 1.7 0.076 c 525 173
3 5 6.32 2 0.065 c 507 175
3 5.42 7.2 2.1 0.06 c 510 ^ 182
4 4.24 5.73 2.5 0.052 c 511 249
4 5.32 6.91 2 0.065 c 521 252
5 L_ 3-2 5 3.4 L 0.038 c 576 306
5 3.32 4.97 3.2 0.04 I c 564 308
Working Conditions
Base pressure : 6 to 8
* 10"6 Torr
Argon pressure : 2 mTorr
Film thickness : 2.5 KA
T/S distance: 19.3 cm
Substrate thickness : 1 00 HN
* Expressions :
D.R : Deposition rate.
p(p) : Resistivity of copper films on polyimide.
p(g) : Resistivity of copper films on glass.
r : Radius of curvature of polyimide.
e> : Stress of copper films on
polyimide.
C/T : Compressive or Tensile.
V : Sputtering voltage.
p : Power to the magnetron. jj
Table 2. Resistivity and Stress vs. Deposition rate
D.R ( A/sec ) ( P W u2-cm ) ( g ) ( nil-cm ) r ( cm ) d ( GPa ) C/T V (volts )
2 23.8 31.3 4.9 0.026 T 533
2 21.5 28.5 4.3 0.03 T 530
3 14.8 18 1.2 0.108 T 530
3 13.6 16.6 1.3 0.1 T 525
4 4.85 12.2 2.3 0.056 T 562
4 7.2 14.45 2.1 0.062 T 570
Working Conditions
-6
Base pressure : 8 to 9
* 1 torr
Argon pressure : 10 mTorr
Film thickness : 2.5 KA
T/S distance: 19.3 cm
Substrate thickness : 100 HN
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Table 3. Resistivity and Stress vs. Deposition rate
D.R ( A/sec) (g)(un-cm) r( cm ) ??( GPa ) **C/T
0.5 11.88 T
0.5 12.87 T
0.5 15.05 T
1 11.34 1.86 0.067 T
1 11.48 1.86 0.067 T
1.5 9.24 T
1.5 9.41 T
1.5 10.1 T
2 8.76 0.67 0.187 T
2 8.28 0.67 0.187 T
2.5 7.77 T
2.5 8.45 T
3 7.93 0.85 0.147 T
3 9.62 0.85 0.147 T
3.5 8.45 T
3.5 7.41 T
3.5 5.03 T
3.5 7.28 T
4 7 1.1 0.114 T
4 6.8 1.1 0.114 T
4 5.16 1.1 0.114 T
4.5 6.12 T
4.5 6.66 T
5 5.25 -10 -0.013 C
5 6.6 -10 -0.013 C
Base pressure :
Argon pressure
Film thickness
T/S distance :
2*10"5 Torr
3.5 mTorr
2.5 KA
19.3 cm
Data based on Hong's results ( measured for copper film deposited on
polyimide.
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Table 4. Resistivity and Stress vs. T/S distance
T/S distance P(q) (ufl-cm) P(p) (nfl-cm) r (cm) CT (GPa) C/T
13.97 13.22 10.46 2.4 0.215 C
13.97 10.58 8.62 2.74 0.188 C
15.88 11.5 9.22 3.68 0.14 C
15.88 7.83 5.38 0.096 C
19.05 10.12 8.55 5.67 0.091 C
19.05 7.23 6.4 9.21 0.056 C
21.6 7.44 6.28 7.37 0.07 C
21.6 7.45 5.64 5.67 0.091 C
Working Conditions
Base pressure : 6 to 7
* 1 0"6 Torr
Argon pressure : 2 mTorr
Power: 126 Watts
Film thickness : 2.5 KA
Substrate thickness : 200 HN
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Table 5. Resistivity vs. Distance from the edge
Distance from the edge (cm) Resistivity ( iifl-cm )
0.1 3.6
0.2 2.9
0.3 2.85
0.4 2.8
0.7 2.8
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APPENDIX B
Calculation of Thermal Stress
When the film and substrate are cooling down from the deposition
temperature to room temperature, thermal stress is generated due to the
difference in thermal expansion coefficients between the copper (film)
and polyimide (substrate). Because polyimide tends to shrink more than the
copper, a "compressive " thermal stress is generated.
We assume that the thermal expansion coefficient for copper can be
taken as the value of the bulk material. This is an approximation since our
film morphology is different from that of bulk copper.
The maximum thermal stress (^thermal) can De estimated as follows
thermal = Ef *(s " 4
>* AT
where Ef is the Young's modulus for bulk copper (128 GPa), as is the
thermal expansion coefficient for polyimide (2 * 10"^ C""'), ocf is the
thermal expansion coefficient for bulk copper (1 .65 * 1 0'5 C"1 ) and AT is
the temperature difference between the maximum substrate temperature
during deposition and room temperature. For 2 mTorr and 5 A/sec (Fig.
4-12), the value of AT is -40 C and the maximum thermal stress
(atherma|) is approximately -0.018 GPa.
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APPENDIX C
Resistivity Edge Effect"
The resistivity value obtained near the edge of a film is higher than
the value obtained at the center. This effect can increase the film
resistivity and give a false reading (Fig. 7-1).
Cu film (conducting)
Substrate (non-conducting)
r-
Four-point probe
v V V \/Edp E,,ect
Air
(non-conducting)
Figure 7-1 A schematic diagram showing resistivity edge effect
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To be sure where to place our four-point probe on the film, we used a
6.4 * 8.4 cm aluminum foil to check the edge effect quantitatively. Figure
7-2 shows the resistivity is satisfactory with the bulk resistivity of
aluminum (2.7 LiQ-cm) unless the data is taken at less than a distance of
0.63 cm from the edge.
E
>
to
'co
CD
o.o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Distance from the edge (cm)
Figure 7-2 Resistivity as a function of distance from
the edge for a 6.4 * 8.4 cm aluminum foil.
r
0.9
Since only 1 1 % of the region are affected by the edge effect, the edge
effect can be eliminated from our data if we always take data at the
center region of the film. The above are consistent with the calculation
found in the literature (L.B. Valdes, "Resistivity on Germanium for
transistors", Proceedings of the l-R-E, p420, 1954).
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